We study coupling of laser pulses to an evanescent electric field at a nanocorrugated dielectric surface. We find that the local electric field is increased in the surface grooves, up to a factor of 2, compared to the incident field, thus providing a positive feedback for localized subthreshold ablation, and enabling the corrugation growth. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3075055͔
ridges are not much affected. The resulting corrugation period ⌳ under favorable conditions can take on any spatial period including ⌳Ӷ. The mechanism of formation of subwavelength ripples with such short ⌳ could be, in general, different for different media, such as diamondlike carbon ͑DLC͒, TiN, SiC, and InP.
1,2 Our results, to be published elsewhere, show that at least for DLC, the most likely mechanism is a nanoscale instability of the surface due to large and rapid thermoplastic expansion of a surface layer assisted by phaselike transition in carbon. This instability is then further amplified and self-organized into nanoripples by the evanescent field due to the process described here. We stress, however, that regardless of material-related aspects, the amplifying mechanism via sub-evanescent wave remains the near-field interaction, substantially different from that of formation of regular ϳ ripples of Refs. 3 and 4.
Electromagnetic properties of corrugated surfaces with ⌳Ӷ have been investigated ͑mostly numerically͒ in many works ͑see e.g. in Ref. 5͒, with the focus on ͑far-field͒ reflectivity and transmittivity properties and little attention to the field distribution at the surface itself. While near-field results can be used to explore far-field characteristics, the inverse is not true. Most of the far-field results were obtained by assuming that, instead of lateral corrugation, the boundary is formed by a smooth change of the material density in the direction normal to the surface. This approach cannot adequately describe the near-field area.
In this letter we find the local distribution of the evanescent field at a corrugated surface with a given spatial period ⌳Ӷ, and with a laser beam incident normally to the surface. We demonstrate that when the beam is linearly polarized normally to the grating ͑i.e. along its spatial period͒, a highly uneven local distribution of the electric field at the surface ensues, with much higher local intensity at the bottoms of the grooves, enough to provide a positive feedback for the structure growth. Our findings are in line with the experimental results and provide a quantitative model for the localized-ablation mechanism of nanoripples formation.
We consider a laser beam incident in the negative y direction on a periodically corrugated surface with a grating wave vector K =2ê x / ⌳. The surface is an interface between two semi-infinite dielectrics with the dielectric constants ⑀ 1 ͑the "upper" dielectric͒ and ⑀ 2 ͑the "substrate"͒. Since ⌳ Ӷ, the incident beam can be treated as a plane wave, so that everything is uniform in the z direction, resulting in a two-dimensional ͑2D͒ ͑cylindrical͒ problem geometry ͑see Fig. 1͒ . The ⌳Ӷ case leads to a quasistatic problem, hence the magnetic field can be neglected, while the electric field will follow from the solutions of 2D Laplace equations for the dc potential U in each of the materials,
This quasistatic approach has been verified by us by also running computer simulations using a full electromagnetic ͑EM͒ wave model ͑see below͒, which showed full consistency with quasistatic approximation within the domain of convergence of the numerical solution. In the case of low reflectivity ͑as for the films in the experiments 2 ͒, we assume that the quasistatic field far from the surface ͉͑y͉ ӷ⌳͒ is constant and coincides with the incident laser field, E L = E 0 . One can readily show that if E L is normal to the grating ͑i.e. E L ʈ K͒, then it is coupled to the evanescent surface wave, whereas this is not so for E L Ќ K. Thus, we will only consider the case of E L ʈ K ʈ ê x , so that the following static formulae hold for the electric field near the corrugated surface:
We assume sinusoidal corrugation of the boundary,
Because of the lateral periodicity of boundary, the same is true for the fields in both "upper" and "substrate" dielectrics, i.e. U + E 0 x =−͚u n ͑y͒sin͑n͒. The Fourier coefficients u n ͑y͒ for the spatial harmonics are found from Eq. ͑1͒ as u n ͑y͒ = C n exp͑ϮnKy͒, where C n are integration constants. By using Eq. ͑2͒, we find the fields in both subspaces,
B n e nKy ͬ cos͑n͒,
B n e nKy ͬ sin͑n͒.
͑4͒
Here the superscripts ͑1,2͒ denote fields in the upper dielectric and the substrate, respectively, and the coefficients A n and B n are to be found from the boundary conditions at y = y bnd ͑x͒,
where the subscripts " ʈ " and "Ќ" designate field components tangential and normal to the boundary, respectively ͑see Fig. 1͒ . They are
at each side of the boundary, with tan = df / d ϵ fЈ.
For convenience, we further use the normalized fields
The normal fields at each side of the surface are expressed in terms of the "mean" amplitude E Ќ using Eq. ͑5͒ as
͑8͒
where = ͑⑀ 2 − ⑀ 1 ͒ / ͑⑀ 2 + ⑀ 1 ͒ is a dielectric contrast factor. The upper and lower signs correspond to the upper and the substrate sides of the boundary, respectively. In the limit of a shallow grating, g Ӷ 1, we find
͑9͒
For relatively large modulation amplitudes g, we obtained approximate solutions for E ʈ,Ќ ,
where F = tanh͑f͒. The profiles E ʈ ͑͒ and E Ќ ͑͒ are plotted according to Eq. ͑10͒ in Fig. 2 for different depths g and for the ratio ⑀ 2 / ⑀ 1 = 6 close to that of an air-diamond interface. In the experiments, 1,2 ⑀ 2 ranges from ϳ3 for sapphire to տ10 for semiconductors in the near infrared, so our choice of ⑀ 2 is in the middle of this wide range. We found that for 1 Ͻ ⑀ 2 / ⑀ 1 Շ 10 the approximate solutions ͑10͒ are consistent with the results of our numerical simulations up to g = / 2, which corresponds to the total corrugation depth of ⌳ / 2, providing thus the range of depths exceeding those observed in Refs. 1 and 2. We also found that the approximation ͑10͒ still gives a good overall prediction of the numerically generated field profiles, especially the one for E Ќ , up to g Ϸ 2 ͑the total depth of 2⌳͒.
We used two different methods to numerically model our problem. In the first method, we used the MPB package, 6 based on a plane EM-wave expansion for solving the Maxwell equations. The 2D problem was solved with periodic boundary conditions, after applying periodic continuation in the y direction and choosing a small wave vector k ʈ ê y with k ϵ 2 / Ӷ2 / ⌳. The resulting numerical solution gets fairly noisy at higher g ͑up to ϳ20% of the maximum field value at g = / 2͒. Our second, quasistatic numerical approach was to solve Eq. ͑4͒ truncated to a finite number of coefficients A n and B n ; it works well for g Շ 1, with the results having much less noise compared to the MPB-based approach, but it becomes divergent at g տ / 2 if ⑀ 2 / ⑀ 1 տ 2.
After averaging out the noise in the MPB-method, its agreement with the quasistatic approach as well as with Eq. ͑10͒ reaches just a few percents of the maximum field value at g = / 2 and is much better at smaller g. At the bottoms of the grooves and at the ridges where fЈ = 0, we have E Ќ = 0, and the tangential fields at those points ͓Eq. ͑10͔͒ are ͑E ʈ ͒ bott,ridge = 1 Ϯ tanh͑g͒,
͑11͒
where the "+" sign corresponds to the bottoms ͑maxima͒ ͑e.g. = ͒, and "Ϫ" sign to the ridges ͑e.g. at =0 or =2͒, respectively. If ⑀ 2 / ⑀ 1 ӷ 1, as e.g. for air-diamond or air-semiconductor boundaries, the ratio of the field amplitudes at the bottom and at the ridge can be significant. The most important fact, however, is that E ʈ in the grooves can substantially exceed the incident field ͑up to a factor of 2͒, which has significant consequence to ablation processes. Even if the incident field intensity E 0 2 is lower than the characteristic ablation intensity, E abl 2 ϰ F abl / p ͑where F abl is the critical ablation fluence and p is the laser pulse duration͒, the field at the bottom can exceed E abl and, by selectively heating and chiseling away atoms from there, make the grating grow deeper. According to Eq. ͑10͒, as the depth g of the grating increases, the sizes of the areas with high E ʈ become smaller, which results in stronger localization of ablation near the lowest points of the grooves.
A strong normal component of the electric field E Ќ on the groove slopes may provide an additional mechanism of grating growth. If E Ќ is strong enough, the electrons accelerated normally to the corrugated surface may be ejected from the dielectric and then re-enter it in the next half period of the light wave, hitting and ejecting atoms from the surface.
In conclusion, we have shown that the coupling of the incident laser light to an evanescent quasistatic electric field via a surface nanograting can be a potential mechanism of formation of nanogratings on a dielectric surface by femtosecond laser pulses. The strongest surface field, exceeding the incident field by up to a factor of 2, occurs at the bottoms of the grooves, while the field at the ridges is weaker than the incident field. The resulting contrast in the field can promote subablation growth of the grating due to preferential localized ablation at the bottoms.
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